Long noncoding RNAs (lncRNAs) do not code for proteins but function as RNAs. Because the functions of an RNA rely on either its sequence or secondary structure, lncRNAs should be folded at least as strongly as messenger RNAs (mRNAs), which serve as messengers for translation and are generally thought to lack secondary structure-dependent RNA-level functions. Contrary to this prediction, analysis of genome-wide experimental data of human RNA folding reveals that lncRNAs are substantially less folded than mRNAs even after the control of expression level and GC% (percentage of guanines and cytosines), although both lncRNAs and mRNAs are more strongly folded than expected by chance. In contrast to mRNAs, lncRNAs show neither the positive correlation between folding strength and expression level nor the negative correlation between folding strength and evolutionary rate. These and other results support that although RNA folding undoubtedly plays a role in RNA biology it is also important in translation and/or protein biology.
We and others found that mRNA folding is on average stronger than the random expectation given the encoded protein sequence and codon usage in the mRNA, indicating that strong mRNA folding has been selectively favored (Katz and Burge 2003; Park et al. 2013) . Furthermore, the excess in mRNA folding strength relative to the random expectation increases with mRNA concentration, suggesting that natural selection for mRNA folding intensifies with the rise of expression level (Park et al. 2013) . These patterns are surprising because mRNAs possess no general physiological functions mediated by their structures beyond that of transferring genetic information.
The unexpected findings about mRNA folding prompt us to examine noncoding RNA folding. Because noncoding RNAs are expected to function exclusively at the RNA level and RNA folding is important for many (but not all) RNA functions, we hypothesize that noncoding RNAs have similar or stronger folding than mRNAs. We test this hypothesis by comparing human mRNAs with human long noncoding RNAs (lncRNAs), because of the large number of lncRNAs and the availability of their experimentally determined folding data (Wan et al. 2014) . By definition, lncRNAs are noncoding RNAs with greater than 200 nucleotides (Ulitsky and Bartel 2013) . By June 2014, over 17,000 lncRNA genes have been annotated in the human genome according to the LNCipedia database (Volders et al. 2013 ), compared with approximately 20,000 protein-coding genes. Although only a tiny fraction of lncRNAs have been functionally characterized, they are known to participate in a large number of biological processes including epigenetic regulation (Lee 2012) , transcriptional regulation (Kornienko et al. 2013) , and posttranscriptional regulation (Geisler and Coller 2013) .
In addition, they have been found to play architectural roles (Hirose et al. 2014) . However, lncRNA folding has not been extensively studied (Novikova et al. 2012) . Here, we report the surprising finding that human lncRNAs are much less folded than mRNAs and discuss its biological implications.
We analyzed the in vitro folding of polyadenylated RNAs (including mRNAs and lncRNAs) in human lymphoblastoid cells quantified by parallel analysis of RNA structure (PARS) (Wan et al. 2014) . Following previous studies (Zur and Tuller 2012; Park et al. 2013 ), we measured the folding strength of an RNA by F, which is the ratio between the relative probability that a site is folded and the relative probability that it is unfolded averaged across all sites in the RNA (see Materials and Methods) . Note that F is not the fraction of paired sites divided by the fraction of unpaired sites in the RNA, because F also contains the information of the folding strengths of individual sites. The folding strength is relevant here, because the same RNA can have an ensemble of secondary structures rather than a single conformation and the folding strength reflects how likely one particular site is paired in the ensemble of secondary structures. Furthermore, F is not the mean ratio between absolute probabilities, because the absolute probabilities are unknown due to different enzyme efficiencies and sequencing depths in PARS experiments. In other words, one cannot compute the fraction of paired sites from F, although the higher the F, the stronger the average folding strength per site for the RNA concerned (Kertesz et al. 2010; Zur and Tuller 2012; Park et al. 2013; Wan et al. 2014) . Because lncRNAs generally have much lower cellular concentrations than mRNAs, the folding data included a much smaller fraction of lncRNAs than mRNAs. After removing lncRNAs that are unexpressed in any of the eight human organs recently surveyed (Necsulea et al. 2014) and those that are translated (Wilhelm et al. 2014) , we obtained a set of 701 lncRNAs with expression and folding data (supplementary table S1, Supplementary Material online). We similarly obtained a set of 16,131 mRNAs with expression and folding data (supplementary table S1, Supplementary Material online). A comparison showed that mRNAs are clearly folded more strongly than are lncRNAs (P < 10
À121
, Mann-Whitney U test; fig. 1A ), with the median F value of mRNAs about 3.9 times that of lncRNAs.
In yeast mRNAs, F increases with expression level (Zur and Tuller 2012; Park et al. 2013) . Because lncRNAs have lower expression levels than mRNAs, we compared their F values after controlling their expression levels. That is, for each lncRNA, we randomly selected an mRNA with a similar expression level as the lncRNA (see Materials and Methods). We then compared the mean F value of all lncRNAs and that of all selected mRNAs. This process was repeated 1,000 times. In each of the 1,000 times, the mean F was found to be lower for lncRNAs than for the expression level-matched mRNAs ( fig. 1B) , suggesting that their difference in folding strength is not entirely explainable by their expression level difference.
Because the percentage of guanines and cytosines (GC%) in an RNA sequence can also influence its folding strength and because GC% is on average higher in mRNAs (49.2) than in lncRNAs (45.3), we also controlled GC%. Comparing lncRNAs with randomly selected mRNAs with both similar expression levels and similar GC% showed that F is still lower in lncRNAs than in mRNAs (P < 0.001, randomization test; fig. 1C ).
It is possible that the relatively high F values of mRNAs, compared with those of lncRNAs, are byproducts of the encoded protein sequences and/or biased synonymous codon usage of the mRNAs, neither of which would affect lncRNAs. To test this hypothesis, for each mRNA, we generated 100 pseudo-mRNAs by randomly shuffling synonymous codons within the real mRNA; the pseudo-mRNAs all have the same protein sequence, nucleotide frequencies, and synonymous codon frequencies as the real mRNA. Because of the lack of experimental folding data for pseudo-mRNAs, we computationally predicted the folding strengths of these 100 pseudo-mRNAs and estimated their mean fraction of paired sites (F 0 p , where the subscript "p" stands for predicted). We also computationally predicted the fraction of paired sites in the real mRNA (F p ). We found that F p exceeds F 0 p in 70.4% of all mRNAs examined, indicating that the folding strengths of human mRNAs tend to be greater than the random expectations given the protein sequences and synonymous codon frequencies (P < 10 À300 , binomial test; fig. 2A ). Similar to what was observed in yeast and ten bacteria (Katz and Burge 2003; Park et al. 2013) , this result suggests that, even in humans, whose effective population size is at least 3 orders of magnitude smaller than those of yeast and bacteria, strong mRNA folding has been selected for. For comparison, for each lncRNA, we generated 100 pseudo-lncRNAs by randomly shuffling the nucleotides of the lncRNA. We similarly estimated F p and F 0 p by computational prediction of the folding strength of the real lncRNA and those of pseudo-lncRNAs, respectively. We found F p to exceed F 0 p in 57.6% of the lncRNAs examined (P < 10
À4
, binomial test; fig. 2B ), suggesting that strong folding has also been selected for in human lncRNAs and supporting the premise of a requirement of strong folding for RNA-level functions. Given that both mRNAs and lncRNAs have higher-than-expected folding strengths, we asked whether the excess in folding strength relative to the random expectation is greater for mRNAs than lncRNAs with comparable expression levels and GC%. This is indeed the case (P < 0.001, randomization test; fig. 2C ), suggesting stronger selection for folding of mRNAs than comparable lncRNAs. We also confirmed that the fractional excess in folding strength relative to the random expectation (i.e., F p /F 0 p À 1) is significantly greater for mRNAs than lncRNAs with comparable expression levels and GC% (P < 0.001, randomization test).
The observation that the excess in folding strength is greater for mRNAs than for lncRNAs is unexpected under the presumption that lncRNA functions often require certain RNA secondary structures whereas the mRNA function (as a messenger) does not. There are several potential causes of our observations. First, a potential trivial explanation is that most of the lncRNAs studied here are functionless and hence need not have stronger-than-expected RNA folding. Although the fraction of greater than 17,000 human lncRNAs that are 971 lncRNAs Are Less Folded than mRNAs . doi:10.1093/molbev/msu402 MBE functionless is debated (Ponjavic et al. 2007; Haerty and Ponting 2013; Pennisi 2014) , the 701 lncRNAs in our data set are less likely than average lncRNAs to be functionless, because the RNA folding data enrich relatively highly expressed lncRNAs, which have a higher expectation than average lncRNAs to be functional. We also analyzed the subset of lncRNAs that are expressed in both human and macaque (supplementary table S2, Supplementary Material online) and thus are more likely than the average of the 701 lncRNAs to be functional. We again found mRNAs to fold more strongly than these lncRNAs, with (P < 0.001) or without (P < 10 À64 ) the control of expression level and GC% (supplementary fig. S1 , Supplementary Material online). These considerations suggest that the potential inclusion of functionless lncRNAs in our data does not fully explain why lncRNAs are less folded than mRNAs. Second, it is possible that many mRNAs also have RNA-level functions such as binding to protein or RNA molecules and providing signals for localization. But most of these functions depend on RNA sequence motifs rather than secondary structures. In fact, strong secondary structures may even reduce the accessibility of certain sequence-dependent regulatory elements (Kertesz et al. 2007 ). Thus, the potential RNA-level functions of mRNAs are unlikely to explain their strong folding. Third, strong RNA folding may be primarily used to extend the RNA half-life. It is possible that on average mRNAs require longer half-lives than lncRNAs because mRNAs but not lncRNAs need to be translated to produce functional molecules. Experimental data indeed showed that the average halflife is longer for mRNAs than lncRNAs in a mouse cell line (Clark et al. 2012 ). Nevertheless, folding strength and half-life are uncorrelated among mRNAs (Zur and Tuller 2012) . Thus, it is unlikely that the folding strength difference between mRNAs and lncRNAs is related to their different half-lives. Fourth, strong mRNA folding does not help translational initiation. In fact, low mRNA folding at the beginning of an mRNA (5 0 -untranslated region and the first~30 coding nucleotides) increases the translational initiation rate (Kudla et al. 2009; Gu et al. 2010; Tuller et al. 2010 ). Thus, requirement for translational initiation cannot explain why mRNAs fold more strongly than lncRNAs. Fifth, it was previously hypothesized that strong mRNA folding may decrease mRNA aggregation (i.e., pairing between two RNA molecules) and hence improve translational efficiency (Zur and Tuller 2012) . However, although mRNA aggregation may decrease translational efficiency, mRNA folding has a qualitatively similar effect (Qu et al. 2011) . Furthermore, biophysical modeling does not support this hypothesis, because mRNA folding is almost always energetically favored, compared with aggregation (Park et al. 2013) . It was reported that even among the most weakly expressed genes, which should not have experienced selection for reduced mRNA aggregation, mRNA folding is energetically favored over aggregation for all but one gene (Park et al. 2013) , suggesting virtually no risk for mRNA aggregation. Sixth, very recently, a tradeoff between translational elongation speed and translational accuracy was discovered (Yang et al. 2014) . It was proposed that strong mRNA folding decreases elongation speed (Tuller et al. 2011; Yang et al. 2014 ) and hence increases translational accuracy (Yang et al. 2014 ). Indeed, a yeast transgene experiment demonstrated that increasing mRNA folding strength positionspecifically enhances translational accuracy (Yang et al. 2014) . If strong mRNA folding is selected primarily for enhanced translational fidelity, lncRNAs, which are not Folding strength is lower for lncRNAs than for expression-and GC%-matched mRNAs. The histogram shows the frequency distribution (from 1,000 sets) of mean F of the same number of randomly picked mRNAs as lncRNAs that have similar expression levels and GC% as lncRNAs. The mean F of lncRNAs is indicated by the arrow.
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Yang and Zhang . doi:10.1093/molbev/msu402 MBE translated, would not be subject to the same selection. Thus, this difference can in principle explain, at least qualitatively, why lncRNAs are less folded than mRNAs. However, it is unknown whether enhancing translational accuracy is the sole reason why mRNAs are folded more strongly than lncRNAs. Seventh, if strong mRNA folding slows translational elongation (Tuller et al. 2011; Yang et al. 2014) , mRNA folding may also be deployed to regulate cotranslational protein folding, because slower elongation provides more time for generally better cotranslational folding (O'Brien et al. 2012) . Indeed, the characterization of the secondary structure of the genomic RNA of human immunodeficiency virus (HIV) revealed a correlation between RNA structure and sequences that encode interdomain loops in HIV proteins, consistent with the idea that RNA folding modulates ribosome elongation to promote native protein folding (Watts et al. 2009) . Whether this explanation is true to a large number of human mRNAs should be investigated in the future. As mentioned, yeast mRNAs show a strong positive correlation between folding strength and expression level (Zur and Tuller 2012; Park et al. 2013) . We discovered that the same correlation exists in human mRNAs, although its magnitude is small (Pearson's R = 0.091, P < 10 À300 ; table 1). This correlation for mRNAs can be explained by an increased demand for translational accuracy of more highly expressed genes (Yang et al. 2014) , because mistranslation is wasteful in material and energy and may even be cytotoxic (Drummond and Wilke 2008; Yang et al. 2012) . Interestingly, human lncRNAs do not show significant correlation between expression level and folding strength (R = 0.044, P = 0.24; table 1). Because RNAs are relatively inexpensive to synthesize, compared with proteins, the fitness cost due to material and energy waste in synthesizing nonfunctional lncRNA molecules is negligible. Therefore, if misfolded lncRNAs are not toxic, the selection for lncRNA folding is not expected to increase with expression level. Our result contrasts a previous study (Managadze et al. 2011 ) that reported a significant positive correlation between mammalian lncRNA expression level and folding strength, based on computationally predicted folding data of a much larger set of mouse lncRNAs. This disparity may be caused by 1) RNA folding prediction errors; 2) difference in data size, because the previously reported correlation also diminishes when a smaller human lncRNA data set was used (Managadze et al. 2011) ; and/ or 3) different criteria for lncRNA expression used by the two studies.
In yeast, the evolutionary rate of a protein is negatively correlated with the mRNA folding strength, with or without the control of the mRNA expression level, suggesting that strong mRNA folding is selectively favored and mutations weakening RNA folding tend not to be fixed (Park et al. 2013) . We found these patterns to hold for human mRNAs as well. Specifically, we estimated the protein evolutionary rate by percent sequence difference between human and macaque orthologs in aligned regions and found it to correlate negatively with the mRNA folding strength, with (R = À0.058 by partial correlation, P < 10 À10 ) or without (R = À0.052, P < 10 À8 ) the control of mRNA expression level (table 1) . This trend is expected, because a higher demand for mRNA folding reduces the probability that a random mutation is neutral and thus constrains evolution (Park et al. 2013) .
We similarly analyzed lncRNAs. Because lncRNAs have rapid evolutionary turnovers (Kutter et al. 2012; Necsulea et al. 2014) , to enrich functional lncRNAs in our data, we 
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lncRNAs Are Less Folded than mRNAs . doi:10.1093/molbev/msu402 MBE required an lncRNA to be expressed in both human and macaque to be included. Applying this criterion lowered our sample size to 338 lncRNAs. We chose to compare human with macaque because their divergence is low enough to allow a relatively large sample of lncRNAs but not too low to hamper reliable estimation of the rate of lncRNA sequence evolution. We then measured the evolutionary rate of an lncRNA by the fraction of sites that are different between human and macaque in aligned regions. We found no significant correlation between the evolutionary rate of an lncRNA and its folding strength, with (R = À0.037 by partial correlation, P = 0.5) or without (R = À0.037, P = 0.5) the control of its expression level (table 1) , consistent with the finding of a recent study (Schuler et al. 2014 ) that used computationally predicted RNA folding strengths. These results suggest that the variation in lncRNA folding strength is not functionally important. This is possible if there is a functional requirement for lncRNA folding to exceed a certain threshold but any folding strength above this threshold is equally good. Nonetheless, it remains possible that lncRNA folding strength does predict evolutionary conservation but the current data set is too small to detect this signal. This interpretation is consistent with the observed negative but statistically insignificant correlation between lncRNA folding strength and evolutionary rate (table 1) .
In summary, we found comparable human mRNAs to fold more strongly than lncRNAs. This result is inconsistent with the assumption that RNA folding is involved only in RNA biology, but is consistent with the recent finding of the role of mRNA folding in regulating translational elongation speed and accuracy (Yang et al. 2014) . Whether RNA folding plays other roles in translation and/or protein biology (e.g., cotranslational protein folding) in addition to RNA biology is an interesting subject worth exploration.
Materials and Methods
Human mRNA and lncRNA expression levels measured in RPKM (reads per kilobase of exon per million mapped reads) from eight organs were retrieved from a recent study (Necsulea et al. 2014 ) and then averaged across organs. The lncRNA list excluded miRNAs, RNase P, and other RNA genes annotated in EnsEMBL. The RNA secondary structures were experimentally determined by PARS using RNAs prepared from lymphoblastoid cells of a family trio with HapMap samples GM12878, GM12891, and GM12892 (Wan et al. 2014 ).
The PARS experiment separately treats a sample by RNase V1 and RNase S1, which specifically cleaves the 3 0 of doublestranded and single-stranded RNA, respectively, followed by next generation sequencing. The short reads generated in PARS were previously mapped to the human transcriptome (Wan et al. 2014 ) and were downloaded from NCBI GEO with the accession number of GSE50676. To increase the overall coverage, we summed the number of mapped reads from the three samples for each nucleotide. To estimate the RNA folding strength, for each nucleotide in each gene, we calculated a PARS score by (v + 1)/(s + 1), where v and s are the numbers of reads mapped to the site in the RNase V1 and S1 treated RNA samples, respectively. Only sites with v + s 4 0 are used in our analysis. The folding strength (F) of an RNA was calculated as the average PARS score across all sites in the RNA. We used EnsEMBL v75 (Flicek et al. 2014) to unify the annotations of protein-coding genes in the expression and PARS data. For lncRNAs, due to the lack of a consensual annotation, we extracted all noncoding transcripts from the PARS study (Wan et al. 2014) and BLASTed (Camacho et al. 2009 ) them against the annotated lncRNA genes in the expression data (Necsulea et al. 2014 ). We considered a PARS transcript to be derived from an lncRNA gene only when the BLAST alignment covers greater than 95% of the transcript and has a greater than 95% sequence identity, allowing minor mismatches in annotations caused by alternative splicing or less well-defined 5 0 -and 3 0 -ends of lncRNA genes/transcripts. When a single lncRNA gene is hit by multiple PARS transcripts, only the longest transcript is used. Finally, we removed any lncRNA that is annotated as being translated in a recently completed mass-spectrometry-based draft of the human proteome (Wilhelm et al. 2014) , but note that protection of an lncRNA by ribosome as reflected in ribosome-profiling data is not a proof of translation (Guttman et al. 2013) . As a result, we obtained 16,131 mRNAs and 701 lncRNAs as our core data set (supplementary table S1, Supplementary Material online). We avoided using experimentally measured in vivo RNA folding data (Rouskin et al. 2014) , because the data contained only read counts for unpaired A's and C's without the corresponding counts for paired A's and C's and because there were no data for G's and U's. These deficiencies, coupled with the confounding factor of different sequencing depths for different RNAs (due to their different concentrations), make it difficult to infer the mean nucleotide pairing probability of an RNA from the in vivo RNA folding data. 
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We conducted our evolutionary analysis by comparing human genes with macaque genes. An initial list of human-macaque orthologous lncRNA pairs was downloaded from a recent study (Necsulea et al. 2014) . To ensure that a human lncRNA was already an lncRNA in the common ancestor of human and macaque, we required that the orthologous lncRNAs have nonzero transcriptional activity in at least one of the eight human organs (cortex or whole brain, cerebellum, heart, kidney, liver, placenta, ovary, and testis) and at least one of the six macaque organs (cortex or whole brain, cerebellum, heart, kidney, liver, and testis) probed by RNA sequencing (Necsulea et al. 2014) . Each orthologous pair was then aligned by CLUSTALW (Thompson et al. 2002) . The lncRNAs whose alignments contained greater than 40% gaps were removed, resulting in a final data set of 338 lncRNAs (supplementary table S2, Supplementary Material online). The alignments are available online at http://www. umich.edu/~zhanglab/download/Jianrong_MBE2014/index. htm (last accessed December 26, 2014). The fractional difference between human and macaque orthologous lncRNAs was calculated by the number of nucleotide differences in aligned (gapless) regions divided by the total length of the aligned regions. For protein-coding genes, we used the oneto-one orthologous protein-coding genes in human and macaque defined in EnsEMBL v75 (Flicek et al. 2014) . We also required human-macaque orthologous genes to have nonzero transcription in at least one of the eight human tissues and at least one of the six macaque tissues (Necsulea et al. 2014) . The protein sequences of human and macaque orthologous genes were downloaded from EnsEMBL and similarly processed as lncRNAs. Briefly, they were first aligned by CLUSTALW (Thompson et al. 2002) , followed by the calculation of the fractional difference in the protein sequence using the aligned (gapless) regions.
To ensure a fair comparison in folding strength between lncRNAs and mRNAs, for each lncRNA, we randomly sampled an mRNA with a similar expression level as the lncRNA for comparison, using the following criteria: i) If the expression level of the lncRNA is x = 0, a randomly picked mRNA with expression level y < 0.1 was chosen; ii) if x 4 0, a randomly picked mRNA satisfying j y À x j /x < 0.1 was chosen; iii) if no mRNA satisfies criteria (i) or (ii) for the lncRNA, an mRNA randomly picked from the 100 mRNAs with the smallest j y À x j was chosen; iv) after an mRNA was chosen for each lncRNA, a Mann-Whitney U test was used to compare the expression levels between all lncRNAs and all chosen mRNAs. The set of mRNAs was accepted only when the P value exceeds 0.05. Note that no mRNA could appear twice in the set. Higher P-value cutoffs (e.g., 0.1) were avoided to allow sufficient stochastic variation among different replicates of this procedure. After the set of expression-matched mRNAs was accepted, we compared the folding strengths between the lncRNAs and chosen mRNAs. This procedure was repeated 1,000 times.
When the GC% of an RNA is also controlled, in addition to the aforementioned criteria for expression level, we also required that the GC% of a chosen mRNA v) differs from the given lncRNA by less than 5, or vi) is among the 100 mRNAs that is most similar to the given lncRNA in GC%.
We further required that vii) a Mann-Whitney U-test between lncRNAs and the chosen mRNAs in GC% should have a P value exceeding 0.05. Again, 1,000 sets of mRNAs with matching expressions and GC% were chosen to compare with lncRNAs.
We used RNAfold in ViennaRNA Package 2 (Lorenz et al. 2011) to computationally predict the minimum free energy RNA secondary structure using a sliding window approach, with a window size of 150 bases (Lange et al. 2012 ) and a step size of 10 bases. The folding strength of a nucleotide is calculated by the number of windows in which the nucleotide is predicted to be paired, divided by the total number of windows covering this nucleotide. The folding strength of an RNA molecule is the average folding strength of all of its nucleotides. Note that the folding strength defined here is the fraction of nucleotides paired rather than folding energy, because folding energy is less comparable to the experimentally determined PARS scores (Wan et al. 2014) due to the different energies associated with different nucleotide pairs.
To assess the random expectation of the folding strength of an mRNA, we randomly shuffled synonymous codons within the coding region of the mRNA to create 100 pseudo-mRNAs. We did not control dinucleotide frequencies when generating these pseudo-mRNAs (Katz and Burge 2003) , because dinucleotide frequencies may have been altered by natural selection for RNA folding (Chamary and Hurst 2005) . The average folding strength of these 100 pseudo-mRNAs was regarded as the expected folding strength (F 0 p ) of the mRNA. We also computationally predicted the folding strength (F p ) of the real mRNA. For each lncRNA, its entire nucleotide sequence was randomly shuffled to create 100 pseudo-lncRNAs. The average folding strength of these 100 pseudo-lncRNAs was regarded as the expected folding strength of the lncRNA. We also computationally predicted the folding strength of the real lncRNA. Our finding that F p À F 0 p is smaller for lncRNAs than for mRNAs is likely to be conservative, because the pseudo-lncRNA sequences are probably more different from their corresponding real lncRNA sequences than they should be, due to the lack of knowledge and hence lack of consideration of potential functional constraints in lncRNAs. The Perl scripts for calculating F p and F 
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